Introduction
Naturally occurring clay minerals determine the key physical traits such as permeability and certain chemical properties such as gas adsorption of shales [1] [2] [3] [4] and provide a distinctive material for carbon dioxide sequestration [5] [6] [7] [8] and selective sorption.
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in nanocomposite preparations and applications. 48, 49 Preferential adsorption of ions and molecules on clay minerals such as montmorillonite can be used for ion exchange 9 and gas selectivity. 10-12,18, 50 The main component of shale gas is methane, but the composition of the shale gas depends on multiple factors, most of which have geological and geochemical origins. 51 An important issue relevant to methane recovery 1, 4 and CO 2 storage capacity 5, 8 in clays involves the effect of the presence of preadsorbed water, which cannot be avoided owing to the hydrophilic nature of the samples. The presence of such adsorbed solvents leads to, for example, a striking increase of gas solubility in porous solids with pore size in the range of nanometers 52 and modified sorbate intake. 53 Experimental studies have considered adsorption on dry 1,3-6,10 as well as on moisture equilibrated 1, 4, 5, 8, 20, 46, 54 clays. The mixture adsorption data is typically predicted from pure component adsorption measurements using the capability of approximate methods such as the ideal adsorbed solution theory (IAST). 55, 56 In common practice, IAST can give fair predictions of gas mixture adsorption in many zeolites 57 and metal-organic frameworks.
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Apart from experimental studies, the effect of moisture on gas sorption in montmorillonite clay minerals and the underlying sorption mechanisms have also been examined in computer simulations. 7, 11, 18, 38, 39, 44, 46, 50 Up to now, there are not enough experimental adsorption isotherm data in this field, especially for adsorption on pure clay minerals. Sometimes the difference of experimental conditions and characteristics of clay minerals would make the results of different studies somewhat incomparable.
A comparison between experimental (see, for example, ref 1) and simulation studies is made in this work. In our study, Na-, Cs-, and Ca-montmorillonite were specifically selected for the intercalation of CO 2 and CH 4 molecules into wet clays. This is not only with a view to getting new insight into the effect of ionic size and charge on adsorption behavior of CO 2 and CH 4 molecules, but also because they have already been elaborately investigated for pure water adsorption in clays, both experimentally and in molecular simulations. The adsorption of methane or CO 2 upon montmorillonite from mixture containing species (impurities) other than hydrocarbons and water has M A N U S C R I P T
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been rarely studied. 45, 59, 60 The objective of our present work was to systematically investigate using grand canonical Monte Carlo (GCMC) simulations the adsorption of pure sorbate molecules such as methane, carbon dioxide, nitrogen and hydrogen sulfide as well as their mixture upon clay minerals in the presence of water. The number of adsorbed water molecules is kept constant in our simulations upon subsequent gas adsorption, because typical hydrophilic pores indicate that water remains adsorbed upon carbon dioxide and methane adsorption. 1, 20, 45, 61 Preferential sorption of water at the clay surfaces, however, does not mean that the number of adsorbed water molecules has to be kept fixed in the interlayers to study intercalation of other species.
18, 44, 50, 62 The adsorption isotherms and density profiles of these four molecules, at different are similar in spirit to previous studies 24, 25, 27, 28, 34 and consistent with those known for montmorillonites in the atmospheric environment containing sorbate molecules.
1,5,8,45
When using pre-determined interlayer distances to study the adsorption of binary and ternary mixtures with one of their components (water) preadsorbed at certain concentrations, the final equilibrated compositions of the mixtures do not necessarily correspond to the thermodynamically stable states. We chose to employ basal spacings of 12 and 15Å, for a comparison (see Fig. 2 M A N U S C R I P T
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with the position of the atoms in the unit cell of the clay taken from Skipper et al. 23 In order to minimize finite size effect, the simulation box is made up of two tetrahedral-octahedral-tetrahedral (TOT) clay layers, 24 
26
Here we are using the capability of the CLAYFF force field 29 which represents more realistically the local charge inhomogeneities formed around each specific substituted site in the clay configuration. 26 Further details of the force fields (Table S1) the interlayer space of Na-montmorillonite clay, respectively (see Fig. S1 , Supporting Information). Over the basal d-spacings and pressure range considered in our study, the presence of increasing water molecules in the clay typically reduced the sorbate adsorption. Fig. 1 shows not only the data of our GCMC simulations but also the best fits (lines) to these isotherm curves. Fits of the single-component isotherms using equations, such as Langmuir model, 56 are needed to predict the adsorption isotherms of gas mixtures using IAST (see next section).
The simulated adsorption isotherms and the experimental one are compared in Fig.   2 . In order to convert the total adsorbed amounts of our GCMC simulations to the excess quantities (see eq. S9, Supporting Information), Note that, in the experimental study described by Liu et al., 1 both the water molecules from inside and outside the interlayer space were considered, but only interlayer water adsorption is considered in this study. Besides, the experiments do not provide clear distinction between sorption within the interlayer space and on the external surface.
Therefore, using the preadsorbed water content as a fitting parameter, the simulated methane isotherms were fitted to match the corresponding experimental ones. Similar findings were obtained in the experiments of high pressure CH 4 adsorption conducted on dry and moisture equilibrated montmorillonite samples. 
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The adsorbed amounts of sorbate molecules in the clay-water system under identical conditions show the following general order: Fig.   1 ). A similar trend was noted in recent experimental studies dedicated to montmorillonite clays. 59 The adsorption isotherms for zeolites also displayed a similar behavior. 65 Polar H 2 S has much more affinity to the hydrophilic montmorillonite framework than any other sorbate molecules considered in this work. In this study, we assume that H 2 S is adsorbed physically to the clay. 65,66 CO 2 molecule essentially by virtue of its, e.g., quadrupole moment which is about three times larger than N 2 , 57,65 interacts more strongly with the electrostatic field defined by the clay hydrate. CH 4 has zero quadrupole moment, but higher polarizability than N 2 which is responsible for their above observed order. 65, 67 The above adsorption order is affected, however, by the selection of a relatively small basal spacing (e.g., for the case of d = 12Å, N 2 > CH 4 , possibly due to the comparatively significant quadrupole moment of the former). In the absence of intermolecular interactions and surface energetic heterogeneity, the isosteric heat 68 (see Supporting Information) should be constant at all loadings.
The isosteric heats of adsorption of pure adsorbate molecules calculated by using the Fig. 1p ). In graphene-oxide systems, however, the same phenomena have been reported using combined experiment and simulation studies. 70 Jin and Firoozabadi also observed using GCMC molecular simulations that when P < ∼ 40 bar, CO 2 sorption in montmorillonite clays at a basal d-spacing of 46.56Å, is comparable for preadsorbed water contents of 0.4 g/cm 3 and 0.6 g/cm 3 , and slightly higher sorption is observed at water content of 0.6 g/cm 3 . Isotherms calculated for Na-, Cs-, and Ca-montmorillonite clays indicate a strong dependence of adsorption on the interlayer ion identity (Fig. 1) . Under identical conditions, Ca-montmorillonite clay displays the highest adsorption capacity and Csmontmorillonite the lowest for all isotherms studied. These results appear to be qualitatively correlated with the cation hydration energy, and/or the accessible pore volume (see Fig. S2 
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(O H 2 O ) spatial correlations in the interlayer of Na-, Cs-, and Ca-montmorillonite at a basal d-spacing of 15Å, bulk pressure of methane P = 20 bar, and in the presence of 0.6 g/cm 3 of preadsorbed water are compared in Fig. 6 (Fig. S10 in (see Fig. 2 ). 1,4 The CO 2 sorption isotherms of both dry and moisture containing clays also obtained the highest sorption capacities for Ca-rich montmorillonite. 
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the single-component isotherms described in the previous section, Na-montmorillonite selectively adsorbs all sorbate molecules considered, except N 2 , relative to CH 4 . Our GCMC simulations demonstrate that small amounts of H 2 S are able to extremely diminish CH 4 adsorption upon montmorillonite over the studied pressure range (Fig. 7c) .
The smooth lines in Figs. 7a-c represent the isotherms predicted by applying IAST to the single-component isotherms described previously. In IAST, there is no constraint on the mathematical formulation of the single-component adsorption isotherm, as the integration (see eq. S12 in the Supporting Information) can be done analytically or with a numerical procedure. The qualitative agreement between the GCMC data and the IAST predictions in Fig. 7 demonstrates that, the later coupled to the single-component adsorption fits is a good candidate to predict the binary adsorption behavior of gas mixtures in clays across the pressure range studied. The accuracy of IAST here extends to adsorbed mixtures in equilibrium with gas phases that have low or moderate CH 4 partial pressures. The IAST model also predicted the bisolute competitive sorption data favorably in modified montmorillonite. 74 The IAST, however, is known to fail to capture even qualitative features for certain non-ideal mixtures or high pressures. 72 The discrepancy between our calculated adsorption selectivity with IAST and with GCMC simulations is more significant for H 2 S/CH 4 selectivity (see below)
as the size and electronic character of H 2 S and CH 4 are significantly different.
The selectivity is a key and sensitive parameter to quantify the competitive adsorption between two components. 11,57 For example, ethane selectivity against methane in montmorillonite reduced with increase in pore size or pressure. 11 The selectivity S A/B in a binary mixture of components A and B is defined as as the GCMC simulations for majority of these binary mixtures. However, the IAST predictions, for example, underestimate the corresponding mixture GCMC results of CO 2 /CH 4 and CO 2 /N 2 selectivities, as the bulk phase pressure is increased. This is expected, because the performance of IAST has been shown to degenerate for mixtures of molecules of differing sizes and polarities. 57, 58 As a consequence of the significant disparity in the interaction strengths between molecules in a mixture of adsorbates of differing polarities, the average deviations between IAST and GCMC results ranged from 30 to 67%. 58 The selectivity of CO 2 /N 2 in the clay system, obtained using IAST,
showed the highest deviation among the three cases that we tested, underestimating M A N U S C R I P T
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the simulation results by factors as high as ≈ 2.2, at the highest studied pressure (see Fig. 8e ). The CO 2 /CH 4 selectivity increases as the bulk phase pressure is increased at a basal d-spacing of 30Å (Fig. 8d) . This behavior is similar to the above case (Fig. 7d) , and indeed of potentially great practical importance for CO 2 utilization and storage, such as, in shale gas reservoirs. 59 A comparison between the single-component (Fig.   1h ) and corresponding mixture isotherm data of CO 2 molecules (Figs. 8a-c) indicates that, the multilayer adsorption behavior of CO 2 is almost unaffected by the presence of CH 4 , N 2 or H 2 S, over the entire range of conditions we considered. Overall, water does not affect the pore-filling mechanisms of various binary mixtures we studied, by comparison with the corresponding pure ones (compare, e.g., Fig. 1 with Figs. 7 and   8 ). This is because, as in the case of pure CH 4 , CO 2 , N 2 , and H 2 S adsorption in the presence of water (Fig. 1) , the coadsorption isotherms (Figs. 7 and 8) are either type I or type IV according to the IUPAC classification. To summarize this section, we have tested IAST for various gas mixtures in clays. Using IAST requires the availability of single component adsorption isotherms, which can be readily estimated using GCMC simulation. The comparisons indicate that, we can potentially use IAST as a useful tool for rationalizing the mixture adsorption behavior in montmorillonite.
Empirical potentials based on electrostatic and van der Waals couplings are useful and reliable to describe the interaction of clay layer with cations, water molecules and inert gas (e.g., CH 4 and N 2 ). But in the case of CO 2 and H 2 S, the use of classical potentials needs to be validated. In the presence of water, CO 2 is known to dissolve and form carbonic acid, increasing the pH of the confined water molecules, and partially destroy the clay network. Furthermore, H 2 S is a weak acid able to react with alkali ions. All these reactions are not described in the present study.
Conclusions
We have completed extensive grand canonical Monte Carlo simulations to better assess the adsorption behavior of CH 4 , CO 2 , and their mixtures in Na-, Cs-, and Ca- 
